INTRODUCTION T
he greatest percentage of hematopoiesis is committed to the production of neutrophils, with an estimated 60% of all leukocytes in the bone marrow comprising granulocyte precursors (1) . Neutrophils play a key role in host defense against bacterial, viral, and fungal infections, but the nature of their cytotoxic contents dictates that appropriate developmental and clearance mechanisms be in place to protect the host against unintended inflammatory injury. Neutrophil homeostasis is maintained through a careful balance of granulopoiesis, bone marrow storage and release, and migration into vascular compartments and peripheral tissues. Despite their relatively short life span, these intriguing cells not only are vital for pathogen elimination during early infection but also link innate and adaptive immune responses to promote the resolution of inflammation and wound healing. In this review, neutrophil development is discussed, commencing at the earliest stages of embryogenesis. A detailed examination of granulopoiesis, mechanisms regulating neutrophil homeostasis, and specific differences between neonatal and adult neutrophil biology is also provided. Finally, the neutrophil's role in host immunity and factors directly influencing cell survival are addressed.
DEVELOPMENT Hematopoiesis
Fetal hematopoiesis, or the creation of all blood cells, is an evolutionarily conserved process that proceeds in three distinct stages during human development (2) . The first, or primitive, stage originates from the mesoderm in the extraembryonic yolk sac around the third week of embryogenesis and gives rise to a transient primeval population primarily composed of large, nucleated erythroid cells with limited numbers of macrophages and megakaryocytes (3) (4) (5) . The appearance of the hemogenic endothelium within the yolk sac around the fifth week of fetal growth marks the prodefinitive, or second, stage of blood cell development. This dedicated endothelium can produce a greater variety of transitory myeloid-lineage precursor cells, including macrophage, monocyte, and granulocyte progenitors, in addition to primitive erythrocytes and megakaryocytes ( Fig. 1 ) (6) (7) (8) . It is not until the third, or definitive, stage around the seventh to eighth week of gestation, however, that genuine pluripotent hematopoietic stem cells (HSCs) originate from specialized intraembryonic endothelial cells within the major arteries of the developing embryo, including the ventral wall of the descending aorta and vitelline and umbilical arteries, in a process that has been termed the endothelial-to-hematopoietic transition (EHT) (3, 4, (9) (10) (11) (12) (13) (14) .
The development of the distal aorta from the lateral plate mesoderm and the emergence of HSCs are closely correlated via common KDR/vascular endothelial growth factor (VEGF) signaling pathways (15, 16) . Dorsal-ventral polarity of the descending aorta (17) and Notch signaling (18) (19) (20) are essential for HSC and hematopoietic progenitor formation from the ventral wall of the distal aorta in an area known as the aorta-gonad-mesonephros (AGM) region (21, 22) . In mice, Notch 1 and Notch 2 are primary regulators of transcription factors required to establish the arterial identity of the endothelium and specification of the hematogenic endothelium in the lateral plate mesoderm (18, (23) (24) (25) . Having the more vital role, Notch 1 mutants display severely impaired hematopoiesis and are embryonic lethal (18, 19, 26) , while Notch 2 knockouts exhibit no obvious hematopoietic defects (18, 26) .
Developing HSCs in the AGM region become organized into intra-aortic hematopoietic clusters (IAHCs) by Runx1 (15) , expressed by endothelial cells in the vitelline and umbilical arteries, the ventral aspect of the dorsal aorta, and some endothelial cells in the yolk sac (27, 28) . Runx1 encodes the DNA-binding subunit of core-binding factor (CBF), which is required for the establishment of definitive but not primitive hematopoiesis (27, 29) . Murine knockout models of Runx1 exhibit normal blood island development and progression through the yolk sac phase of hematopoiesis but die prior to definitive hematopoiesis (29) . Runx1-null mice contain only primitive nucleated erythrocytes in liver tissues, with a complete lack of definitive erythroid, myeloid, and megakaryocytic cells (29) . Although Notch signaling is crucial during the earliest stages of the EHT, HSCs become Notch independent during definitive hematopoiesis, at which time Notch is downregulated (18, 30) .
Conversely, a more recent theory suggests that primordial germ cell (PGC) populations link the traditional second and third stages of fetal hematopoiesis (31) . In this model, PGCs located in the AGM region of the developing fetus are destined to become either gametes if they express high levels of Oct3/4 or HSCs if they are weakly Oct3/4 positive and express distinct PGC markers (BLIMP-1, adaptor protein complex [AP] , TG-1, and STELLA), coexpressed proteins (CD34, CD41, and FLK-1), and genes (Brachyury, Hox-B4, Scl/Tal-1, and GATA-2) (31). Presently, no human studies support this concept of definitive hematopoiesis, with limited favorable data available only for murine models.
Regardless of how these cells come to occupy the ventral wall of the descending aorta, self-renewing HSCs, containing granulocyte-macrophage (GM) progenitors, seed the liver, thymus, and spleen, where hematopoiesis continues until the seventh month of gestation (9, 32, 33) . Data from Notta and colleagues and Baron et al. reveal that the fetal liver consists of oligopotent progenitors with myeloid-erythroid-megakaryocyte and erythroid-megakaryocyte activities (32, 34) . These progenitors have an increased proliferation potential (33, 35) and comprise the primary blood cells of neonates with a gestational age (GA) of less than 32 weeks. After this time, hematopoiesis transitions to the bone marrow so that by the end of term gestation, the bone marrow remains the only site for platelet and red and white blood cell development (9, 32, 33) . In contrast to the fetal liver, the bone marrow is dominated by unilineage progenitors with primary myeloid and erythroid potential (32) . Recent in-depth reviews of hematopoiesis are offered by Nandakumar et al. (36) , Ivanovs et al. (15) , Ditadi et al. (37) , and Palis (38) .
Hemangioblasts. Recent evidence presented by Kennedy and colleagues (39) suggests that the human hemogenic endothelium may constitute a mesoderm-derived lineage distinct from their suspected endothelial origins (15, 39) . Hemangioblasts are KDR ϩ CD34 Ϫ cells that emerge from the lateral plate mesoderm immediately prior to blood circulation (15, 40) and exhibit both hematopoietic and vascular potential (37) . Representing the earliest stage of hematopoietic commitment, hemangioblasts are thought to promote hematopoiesis in the hemogenic endothelium of the yolk sac upon The origin of human blood cells begins in the mesoderm of the extraembryonic yolk sac around the third week of embryogenesis and is known as the primitive stage. The emergence of blood cells from the hemogenic endothelium begins within the yolk sac in week 5 during the prodefinitive (second) stage and is regulated by dorsal-ventral polarity and Notch signaling. Blood cell production then transitions to the ventral wall of the aorta at around the seventh to eighth week during the definitive stage and is regulated by the transcription factor Runx1 in a process known as the endothelial-to-hematopoietic transition (EHT), where HSCs are first identified. After the eighth week of gestation, early blood cells seed the liver, thymus, and spleen until the seventh month of gestation, when hematopoiesis transitions to the bone marrow. After this time, the bone marrow becomes the sole site for platelet and red and white blood cell formation.
the initiation of heart contractility and blood flow (39) . Additionally, these cells are believed to give rise to the dorsal aorta, hemogenic endothelium, and HSCs (41) . Utilizing human embryonic stem cell cultures, Kennedy et al. identified two distinct types of human hemangioblasts, including those giving rise to primitive erythroid cells, macrophages, and endothelial cells and those that generated only primitive erythroid and endothelial cells (39) . Because these cells are primarily studied ex vivo, it has been proposed that hemangioblasts exist in a state of competency that is never fulfilled during in vivo experimentation due to restrictions and constraints imposed by the microenvironment (3, 42) . While in vivo studies in humans and higher vertebrates are lacking (3), some animal models have significantly contributed to our understanding of hemangioblasts and their contribution to embryonic hematopoiesis (3, 41) . Current reviews on hemangioblasts are offered by Lacaud and Kouskoff (3) and Ciau-Uitz and Patient (41) .
Differentiation of hematopoietic stem cells. At present, the initiating factors that determine whether a HSC will differentiate into a myeloid or lymphoid precursor cell remain poorly understood. Contrasting models have been used to describe the generation of blood cells from the common progenitor HSC. In the "classical model" or "hierarchical model," so-called multilineage priming is functionally related to the cell's ability to determine its fate prior to single-lineage commitment and differentiation, after which its capacity to differentiate into any other cell type is lost (43) (44) (45) . In this model, HSCs in the bone marrow give rise to either a common myeloid progenitor (CMP) or a common lymphoid progenitor (CLP). The CMP differentiates into either a granulocyte monocyte progenitor (GMP) or a megakaryocyte erythroid progenitor (MEP), while CLP precursors will become either T cells, B cells, or NK cells (36) . In this classical/hierarchical model, all HSCs have equal multilineage differentiation potential (43) . In contrast, the "alternative model" contends that common myeloid and lymphoid progenitor cells have mixed-lineage potential with transcriptional and functional heterogeneity (43) . Cell fate is determined by the availability of survival and differentiation factors (46) . Recent studies support this model by demonstrating that HSCs can directly differentiate into CMPs, MEPs, and megakaryocytes. HSCs can also differentiate into lymphoid-primed multipotent progenitors (LMPPs), which give rise to CLPs or GMPs but lack the potential to become megakaryocytes or erythrocytes (32, 36) . Additionally, the absence of oligopotent intermediates that gradually become restricted to unilineage progenitors in the bone marrow cannot be reconciled under the classical/hierarchical model of HSC differentiation, making the alternative model more likely (32, 46) . Detailed reviews of the alternative model of hematopoiesis are offered by Nandakumar et al. (36) , Notta et al. (32) , and Paul et al. (46) .
Once destined to become a myeloid cell, the HSC enters a well-described, closely regulated process that results in the development of both megakaryocyte/erythroid and granulocyte/macrophage lineages from a pluripotent common myeloid progenitor cell (Fig. 2 ). The lineage path followed is dependent upon several transcription factors, including CCAAT/enhancer-binding proteins (C/EBPs), GATA-1, and PU.1 (47, 48) . C/EBPs comprise a family of six transcription factors (C/EBP-␣, -␤, -␥, -␦, -, and -), characterized by a conserved leucine zipper C-terminal domain next to a positively charged DNA-binding domain (49, 50) . C/EBPs can modulate many biological processes, including cell differentiation, motility, growth arrest, proliferation, and cell death, in a variety of tissues, including bone marrow, adipose tissue, the central nervous system, and lung (51) . C/EBP-␣, -␤, and -have important regulatory control over neutrophil development, and mutations in C/EBP-␣ and -␤ can result in a variety of lymphocytic and myeloid leukemias (52) (53) (54) .
C/EBP-␣ is an integral factor in the earliest stages of neutrophil development, with C/EBP-␣-null mice exhibiting an early block in granulocyte differentiation (55, 56) while retaining monocyte-producing capabilities (57) . By negatively regulating the expression of c-Myc, a helix-loop-helix leucine zipper protein that locates to the promoters of certain genes with important regulatory control of the cell cycle, C/EBP-␣ induces early myeloid precursors to enter CMP differentiation pathways (55, 58) . Whereas C/EBP-␣, PU.1, and Irf8 induce CMPs to differentiate into monocytes and macrophages, C/EBPand Gfi-1 generate neutrophils and eosinophils (46, 48, 59, 60) . It is the acetylation of C/EBP-at specific lysines (K121 and K198) and the lack of expression of GATA-1, however, that cause early CMPs to ultimately differentiate into neutrophils instead of eosinophils (48, 54, 61) . Notably, knockout of C/EBP-does not prevent initial differentiation toward a neutrophil progenitor but rather blocks neutrophil maturation and differentiation out of the progenitor compartment (46) . Neutrophil differentiation therefore begins at the myeloblast-to-promyelocyte developmental state and involves a complex interplay between transcription factors and modulators such as C/EBP-, PU.1, CCAAT displacement protein (CDP), Gfi-1, and retinoic acid receptor (RAR) (48, 61, 62) . In humans, the transit time through the postmitotic pool is 4 to 6 days, after which neutrophils are available for release into the circulation (62) (63) (64) . To exit the bone marrow, these cells must traverse the bone marrow endothelium through tight-fitting pores by a process of transcellular migration, whereby neutrophils pass through the cell bodies of the endothelium rather than through cell-cell junctions (63, 65) .
Neutrophils first appear in the human clavicular marrow at 10 to 11 weeks postconception (66) . By the end of the first trimester, neutrophil precursors can be detected in the peripheral blood, while mature cells appear by 14 to 16 weeks of gestation (67, 68) . HSCs that generate neutrophils are situated in specialized niches in the trabecular regions of long bones near the endosteum, or the interface between the bone and bone marrow, in close proximity to bone-forming osteoblasts (35, (69) (70) (71) . Perivascular cells and osteoblasts express the chemokine CXCL12, a ligand for the neutrophil cell membrane chemokine receptor CXCR4, which is important for the retention of neutrophils in the bone marrow (35, 71) . Osteoblasts and perivascular cells also secrete proteins such as angiopoietin, thrombopoietin, and stem cell factor, which are necessary for the regulation, generation, and maintenance of HSCs (35, (71) (72) (73) . As the neutrophil matures, the abundances of the chemokine CXCL2 and its cell membrane Once destined to become a myeloid cell, the HSC enters a well-described, closely regulated process that results in the development of both megakaryocyte/erythroid and granulocyte/macrophage lineages from a pluripotent common myeloid progenitor cell. Whereas C/EBP-␣ and PU.1 induce CMPs to differentiate into monocytes and macrophages, C/EBP-and Gfi-1 generate neutrophils and eosinophils. It is the acetylation of C/EBP-at specific lysines (K121 and K198) and the lack of expression of GATA-1, however, that cause early CMPs to ultimately differentiate into neutrophils instead of eosinophils.
receptor, CXCR2, increase, while CXCR4 levels decrease, leading to the release of the neutrophil from the bone marrow as the neutrophil becomes less responsive to CXCL12 (60, 71) . Conventional dendritic cells (cDCs) also participate in neutrophil homeostasis and regulate the distribution of neutrophils between the bone marrow, peripheral blood, and organs through the controlled production of the growth factor granulocyte colony-stimulating factor (G-CSF) and the chemokines CXCL1, CCL2, and CXCL10, although the exact mechanism by which this occurs remains unclear (71) . The involvement of cDCs, however, has been verified in murine models, where their depletion leads to increased neutrophil counts, while cDC expansion causes neutropenia, or low numbers of circulating neutrophils, due to their loss within the bone marrow (71, 74) . Steady-state and emergency granulopoiesis. Because neutrophils exhibit rapid homeostatic turnover, with an estimated 10 9 cells/kg of body weight leaving the bone marrow each day, a delicate balance between granulopoiesis, bone marrow storage and release, intravascular margination, and migration into peripheral tissues must exist, which depends upon and impacts the individual's health (74) (75) (76) . Therefore, the regulation of neutrophil production has been described in terms of steady-state versus emergency granulopoiesis. Modulated by external stimuli at a molecular level, continual shifts occur between these two states, with the extent of each shift being dependent upon the type, strength, and duration of the activating factor(s) (77) .
In steady-state granulopoiesis, the ingestion of apoptotic neutrophils by tissue macrophages activates the transcription of C/EBP-␣ and factors of the LXR family, thereby suppressing the production of proinflammatory cytokines and, in turn, lowering G-CSF levels (71, 75, (78) (79) (80) . Conversely, following a microbial challenge, emergency granulopoiesis ensues and increases the release of both immature and mature neutrophil forms into the circulation. This process leads to clinical neutrophilia with a "left shift" or rise in the number of circulating neutrophils with an increased proportion of immature forms. This neutrophilia occurs in response to the presence of bacterial products, the induction of C/EBP-␤, and increases in the levels of early inflammatory mediators such as interleukin-1␤ (IL-1␤), tumor necrosis factor alpha (TNF-␣), G-CSF, and granulocyte-macrophage colony-stimulating factor (GM-CSF) (71, 75, 79, 81) . Notably, heightened C/EBP-␤ expression during infectious or inflammatory states can induce granulopoiesis in the absence of C/EBP-␣, as C/EBP-␤ is the only member of the C/EBP family that is not downregulated in response to cytokine stimulation (77, 79) . While C/EBP-␤ is not necessary for steady-state granulopoiesis, its role in emergency granulopoiesis is clear with attenuated granulopoiesis in Cebpb knockout mice under stress conditions (77, 79) . C/EBP-␣ and C/EBP-␤ share many common target molecules associated with granulocytic differentiation (77, 82) but demonstrate contrasting regulation of the cell cycle (77) . By strongly inhibiting the cell cycle through interactions with cell cycle regulators, C/EBP-␣ is important under steady-state conditions (55, 77, 83) , while C/EBP-␤ is vital during emergency granulopoiesis because it demonstrates less inhibitory control over the cell cycle (77, 84) .
Recently, evidence has emerged to suggest that pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) that detect conserved pathogen-associated molecular patterns (PAMPs), may unite the steady-state and emergency granulopoiesis pathways (71) . This physiological response is proposed to occur through the direct or indirect activation of PRRs on hematopoietic stem and/or progenitor cells that subsequently stimulates the proliferation and differentiation of neutrophils (71, 75, 85, 86) . Alternatively, proinflammatory chemokines such as keratinocyte chemoattractant (KC), macrophage inflammatory protein 2 (MIP-2), G-CSF, and TNF-␣ can elicit the activation of NADPH oxidase to enhance reactive oxygen species (ROS) production by bone marrow myeloid cells (87) . ROS then act via paracrine mechanisms to trigger the oxidation and deactivation of phosphate and tensin homologue (PTEN) in resident myeloid cells, which leads to the upregulation of PtIns(3,4,5)P3 signaling, increased G-CSF production, and induction of emergency granulopoiesis (87).
Granulopoiesis
Granulopoiesis, or the formation of granules within the developing neutrophil, begins between the myeloblast and promyelocyte stages of development and proceeds over the subsequent 4 to 6 days (1, 63, 88, 89) . Neutrophil granulopoiesis can be divided into two stages, with the first comprising neutrophil lineage determination and the second committed granulopoiesis (90) . While early neutrophil precursors, including myeloblasts, promyelocytes, and young myelocytes, retain proliferation capabilities, cells become committed to the neutrophil lineage during the transition between myelocytes and metamyelocytes, after which cell division ceases (90) . Characterized by the stepwise emergence of neutrophil granules and secretory vesicles during cell maturation, granulopoiesis begins with the appearance of azurophilic (primary) granules in myeloblasts and promyelocytes, which contain large, round nuclei. This stage is followed by the production of specific granules in myelocytes and metamyelocytes, during which the round nucleus morphs into a kidney-shaped structure. Gelatinase granules are formed next during the transition of metamyelocytes into band neutrophils, where the nucleus assumes a band-like shape. Neutrophil granulopoiesis is concluded with the development of ficolin-1 granules and secretory vesicles in segmented cells, where the neutrophil acquires a characteristic segmented nucleus (1, 88, (90) (91) (92) .
The myeloblast is the first recognizable cell of the neutrophil lineage to differentiate from the HSC (90) . In myeloblasts, low concentrations of PU.1 and large amounts of C/EBP-␣ favor granulocytic rather than monocytic differentiation (93) . Runx1, Gfi-1, and C/EBP-constitute the other major transcription factors that regulate neutrophil granulopoiesis (90) . In murine models, fetal knockout of Runx1 results in the loss of myeloid hematopoiesis (94) , while the deletion of this gene in adult mice leads to primary monopoiesis at the expense of granulopoiesis (95) . Gfi-1 deletion blocks neutrophil maturation at the promyelocyte stage, with cells demonstrating developmental failures of gelatinase granules and secretory vesicles (59, 90, 96) . C/EBP-controls the promyelocyte-to-myelocyte transition in granulocytes and is essential for the formation of specific and gelatinase granules (97, 98) . Inhibition of C/EBP-does not affect initial neutrophil commitment but impairs terminal differentiation and maturation (23) .
The depletion of the natural inhibitor of neutrophil elastase, known as secretory leukocyte protease inhibitor (SLPI), also impairs neutrophil granulopoiesis and results in the clinical condition known as severe congenital neutropenia (SCN), also known as Kostmann syndrome. SCN is characterized by recurrent invasive bacterial and fungal infections as well as an increased risk for the development of myelodysplastic syndrome and acute myelogenous leukemia (99) . The inhibition or loss of SLPI blocks G-CSF phosphorylation of STAT5, extracellular signal-regulated kinase 1/2 (ERK1/2), and lymphoid enhancer-binding factor 1 (LEF-1) in bone marrow myeloid progenitors, leading to the downregulation of LEF-1 target genes that are vital for neutrophil proliferation and survival, such as c-Myc, survivin, and cyclin D1 (99, 100). LEF-1 also induces C/EBP-␣, which binds to the SLPI promoter to enhance SLPI gene expression. The inhibition of LEF-1, therefore, results in markedly diminished granulocytic differentiation without disrupting monocytopoiesis and erythropoiesis, via reduced C/EBP-␣ and increased c-Myc levels (99) .
In summary, C/EBP-␣, a differentiation factor, is critical for the transition of CMPs to GMPs by its suppression of the c-Myc gene (55) . Hence, neutrophils will not develop and differentiate if C/EBP-␣ is deleted (101) . Conversely, c-Myc is an important proliferation factor, the inhibition of which results in the absence of all hematopoietic lineages except megakaryocytes (102) . A failure to suppress the c-Myc gene in the appropriate developmental state will, therefore, result in myeloid leukemias (55) .
Neutrophil granules and secretory vesicles. Historically, neutrophils were thought to contain three distinct types of granules, known as azurophilic (primary), specific (secondary), and gelatinase (tertiary) granules, as well as secretory vesicles (Fig. 3) (1, 88,  91, 92 ). Rørvig and colleagues, however, recently described a fourth type of neutrophil granule, the ficolin-1-rich granule, which originates during the transition from myelocytes to metamyelocytes but is packaged into granules of segmented forms between the beginning of the development of gelatinase granules and that of secretory vesicles (103) . Descriptions of the different neutrophil granules and secretory vesicles are offered here, and several excellent in-depth reviews by Faurschou and Borregaard (88) , Pham (91) , and Cowland and Borregaard (90) are available.
(i) Azurophilic granules. Azurophilic granules demonstrate considerable heterogeneity in their size and shape, which is directly regulated by granular protein synthesis and packaging (104) (105) (106) . Even though azurophilic (primary) granules are packed with acidic hydrolases and microbicidal proteins, they are generally defined by their high content of myeloperoxidase (MPO), which accounts for 5% of the neutrophil's total dry weight (107, 108) . While the gene expression of GATA-1 and C/EBP-is involved in azurophilic granule production (93) , transcription factors that induce proliferation but block differentiation, such as acute myeloid leukemia 1 (AML-1) and c-Myc, are imperative for azurophilic granule formation (109, 110) . In particular, AML-1 and c-Myc control the expression of MPO and elastase (109, 110) as well as the cell membrane receptors for IL-6 and G-CSF (93, 111) . Several membrane proteins have been identified in azurophilic granules, including CD63 (112), CD68 (112), presenilin1 (113), stomatin (114), and vacuolar-type H ϩ -ATPase (88, 115) . Azurophilic granules also contain a variety of proteins, a few of which are outlined below.
MPO is typically released into phagolysosomes formed by the fusion of azurophilic granules and phagosomes containing engulfed microorganisms. Phagolysosomes are vital neutrophil organelles, as they provide small, confined spaces for toxic oxidative reactions, such as the respiratory burst, designed to kill pathogens while protecting host tissue against harmful metabolites (116, 117) . NADPH oxidase, localized on the phagolysosome membrane, mediates the production of ROS. By expediting the conversion of oxygen (O 2 ) to superoxide (O 2 · Ϫ ), NADPH oxidase also facilitates the transfer of electrons formed during this reaction to the extracellular space. Superoxide dismutase then enables the conversion of O 2 · Ϫ to hydroxydioxylic acid (HO 2 ) and hydrogen peroxide (H 2 O 2 ), both of which are weakly bactericidal and contribute considerably to phagolysosome acidification (116) . Excessive cytosolic acidification and plasma membrane depolarization during these reactions are prevented by the voltage-gated proton channel Hv1/VOSP, which extrudes protons that accumulate during NADPH oxidase activity (89, 90, 118, 119) . Myeloperoxidase then catalyzes the oxidation reaction between H 2 O 2 and chloride (Cl Ϫ ) to form hypochlorous acid (HOCl) (120), hydroxyl radicals (·OH), and chloramines, all of which are potent oxidants that further contribute to the neutrophil's microbicidal capabilities (121) . Inactivating mutations of NADPH oxidase result in a devastating clinical condition known as chronic granulomatous disease (CGD). Characterized by recurrent bacterial and fungal infections, patients with CGD also develop detrimental granulomas from the neutrophils' inability to completely kill and eliminate pathogens (122) .
MPO is a cationic glycoprotein that can also bind to the surface of neutrophils (123) and platelets (124) via electrostatic carbohydrate-dependent mechanisms, thereby triggering proinflammatory functional activities (125) . The priming and activation of neutrophils by inflammatory mediators, such as Toll-like receptor (TLR) ligands (126), GM-CSF (127), TNF-␣, and Ig/Fc receptor-mediated signaling (128) , can liberate MPO extracellularly by both degranulation and cell death pathways, including apoptosis and necrosis (108) . Once in the extracellular space, MPO can bind to the plasma membrane via CD11b/CD18 receptors, provoking the degranulation of azurophilic and specific granule substances such as lactoferrin, lysozyme, and elastase in a dose-dependent manner via the induction of tyrosine kinase, phosphatidylinositol 3-kinase (PI3K), and calcium signaling pathways (125, 129) .
Additionally, azurophilic granules contain serprocidins (serine proteases), including proteinase 3, cathepsin G, elastase, and neutrophil serine protease 4 (NSP4) (130) , which display proteolytic enzymatic activity against extracellular matrix components such as elastin, fibronectin, laminin, type IV collagen, and vitronectin (88, 131) . Excluding NSP4, the serprocidins are potent antimicrobial substances that can also induce the activation of endothelial cells, macrophages, lymphocytes, and platelets (88, 131) . Specific functions of elastase include antimicrobial activity against Gram-negative bacteria (132), whereas cathepsin G is known to target Staphylococcus aureus (133) . Both elastase and cathepsin G have potent microbicidal activity against fungal organisms (133, 134) . The deletion of ELA2, which codes for neutrophil elastase, is implicated in cyclic neutropenia and congenital neutropenia, although the mechanisms involved remain unknown (91) . Conversely, the inhibition of NSP4 did not result in a significant loss of neutrophil function (130) . Serprocidins are generally synthesized as zymogens, or inactive proteins, and require two separate processing steps to become activated: (i) cleavage of the signal peptide by cathepsin C, which is imperative for both the activation of enzymatic activity and the optimization of storage within the azurophilic granule (135) , and (ii) carboxy-terminal processing that facilitates interactions with adaptor protein 3, enabling proper trafficking to their granular compartment (91, 136) .
Other vital microbicidal peptides in the azurophilic granule include ␣-defensin, azurocidin, and bactericidal/permeability-increasing protein (BPI). ␣-Defensin, making up at least 5% of the protein content of neutrophils (137) , has antimicrobial activity against bacteria, enveloped viruses, fungi, and protozoa through the creation of multimeric transmembrane pores in the microbial outer membrane (88, (137) (138) (139) (140) . Following extracellular exocytosis, ␣-defensins also induce the chemotaxis of monocytes (141), CD4 ϩ T helper cells, and CD8 ϩ cytotoxic T cells (142) . Azurocidin is an inactive serine protease homologue with broad microbicidal capabilities. Azurocidin can increase vascular permeability during neutrophil extravasation (143) and is an effective chemoattractant for monocytes, fibroblasts, and T cells (144) . BPI is a potent antimicrobial substance that specifically targets the obliteration of Gram-negative bacteria at nanomolar concentrations (88, 145, 146) . BPI has a high affinity for the lipid A portion of lipopolysaccharide (LPS), thereby neutralizing its proinflammatory properties (145, 147) . By acting as an opsonin, BPI also enhances the phagocytosis and intracellular killing of Gram-negative bacterium (147, 148) .
(ii) Specific granules. Specific (secondary) granules are rich in antibiotic substances that participate in neutrophil microbicidal activities either upon mobilization with the phagosome or through release into the extracellular milieu. Lactoferrin, a primary specific granule protein, has direct bacteriostatic and bactericidal activities against viruses, Gram-positive bacteria, Gram-negative bacilli, and fungi (149) . By sequestering iron in biological fluids, lactoferrin disrupts and destabilizes microbial cell membranes (150) . Additionally, lactoferrin can impair the production of ROS (151, 152) and sequester LPS and CD14, thereby preventing the activation of the proinflammatory pathway and tissue damage (153) . Lactoferrin also modulates adaptive immune responses by accelerating the maturation of T-cell precursors into competent CD4 ϩ T helper cells (154) and enhances the differentiation of immature B cells into antigen-presenting cells (155) . Following neutrophil activation, lactoferrin released from specific granules enhances the activation of cathepsin G and serine proteases, thereby promoting innate immune responses during acute inflammation (156, 157) .
Specific granule proteins also include the following. (i) Neutrophil gelatinaseassociated lipocalin (NGAL) exhibits antimicrobial properties and works in coordination with lactoferrin by binding siderophores, i.e., iron chelators generated by microorganisms, when the availability of iron is limiting their growth (158) . Due to its ability to bind N-formylmethionine-leucyl-phenylanine (FLMP) in vitro, NGAL is also thought to bind small lipophilic inflammatory mediators such as platelet-activating factor, leukotriene B4, and LPS (159) . (ii) Resistin, a proinflammatory cytokine that also localizes to the neutrophil's cell membrane, limits the accumulation of neutrophils at inflamed sites by inhibiting their chemotactic capabilities through the dose-dependent induction of NF-B activity. Resistin is also a chemoattractant for CD4 ϩ T helper cells and dampens proinflammatory neutrophil responses by reducing the cell's oxidative bursts (160) (161) (162) . (iii) Olfactomedin-4 (OLFM-4) inhibits cathepsin C-mediated protease activities and in doing so attenuates neutrophil killing of S. aureus and Escherichia coli (163) . OLFM-4 is unique among neutrophil granule proteins, as it is recovered from only 20 to 25% of mature adult neutrophils (164) . (iv) Signal-regulatory protein alpha (SIRP␣) is a cell surface glycoprotein with inhibitory properties. SIRP␣ is rapidly mobilized to the neutrophil cell surface and is also responsible for regulating neutrophil accumulation at sites of inflammation. While SIRP␣ is primarily located in specific granules, SIRP␣ is also found in gelatinase granules and secretory vesicles (165) .
The creation of specific granules occurs in conjunction with declining AML-1 and c-Myc concentrations, which halts the expression of azurophilic granule protein genes. Additionally, reductions in active CDP levels cause its repression of C/EBP-genes, such as gp91 phox , to be relieved, thereby allowing the C/EBP--induced transcription of both C/EBP-␦ and specific granule proteins (93, 166) . Congenital absence of specific granules is a rare disorder that is characterized by atypical neutrophil structure and function as well as frequent and severe bacterial infections (167) .
(iii) Gelatinase granules. Gelatinase (tertiary) granules are mobilized when the neutrophil establishes primary rolling contact with the activated endothelium (168) . These granules contain matrix-degrading enzymes, such as gelatinase, and membrane receptors including CD11b/CD18, CD67, CD177, fMLF-R, SCAMP, and VAMP2 (90) , which are important in the earliest phases of the neutrophil inflammatory responses and extravasation into inflamed tissues. Arginase 1, a key gelatinase protein, metabolizes arginine, thereby reducing its availability as a substrate for nitric oxide (NO) synthase (NOS). This reaction leads to the diminished synthesis of NO, which is generally associated with endothelial dysfunction. By promoting the production of ornithine, arginase 1 also diminishes proinflammatory immune responses and fosters tissue regeneration (169) .
Gelatinase granules form during the transition of metamyelocytes to band neutrophils. Once the neutrophil matures into a metamyelocyte, it can no longer proliferate, marking the beginning of terminal neutrophil differentiation. This change results from the inhibition of proliferative genes, AML-1, C/EBP-␥, and CDP, and the emergence of antiproliferative factors such as C/EBP-␦ and C/EBP- (93) . Additionally, the transcription factor C/EBP-, which was vital for specific granule formation, becomes downregulated as gene expressions for C/EBP-␤, C/EBP-␦, and C/EBP-are enhanced (93) .
(iv) Ficolin-1-rich granules. Discovered by Rørvig and colleagues by employing a four-layer Percoll gradient in conjunction with transcriptomic and proteomic data, ficolin-1-rich granules are similar to secretory vesicles in protein content and function (103) . Ficolin-1 is synthesized in maturing neutrophils during the transition from myelocytes to metamyelocytes, but it localizes in highly mobilized granules that form in segmented cells during the very late stages of terminal granulopoiesis (103) . This unusual delay in protein packaging most likely indicates that the travel time through the endoplasmic reticulum and Golgi compartment varies depending on the protein (103) . Like secretory granules, ficolin-1 granules are easily exocytosed from the neutrophil following minimal stimulation and primarily contain human serum albumin, CR1, vanin-2 (VVN2), LFA-1, actin, and several cytoskeleton-binding proteins. Components of these granules are primarily involved in neutrophil locomotion, firm adhesion, and transendothelial migration (103, 170) .
(v) Secretory vesicles. Not considered to be true neutrophil granules, secretory vesicles constitute an important reservoir of membrane-associated receptors, including CD10, CD11b/CD18, CD15, CD16, CD35, MMP-25, SCAMP, VAMP2, NRAMP2, LFA-1, and MAC-1, as well as actin, actin-binding proteins, and alkaline phosphatase that are required at the earliest phases of neutrophil-mediated inflammatory responses (90, 103) . Secretory vesicles are significantly smaller than neutrophil granules and are the most exocytosed cell organelles in the neutrophil. Located throughout the cytoplasm of the cell, these organelles contain cell membrane receptors that are vital for the neutrophil to establish firm contact with the activated vascular endothelium, complete diapedesis into inflamed tissue, and undergo chemotaxis-directed migration within the inflamed tissues to locate and eradicate the offending pathogen (103) . Secretory vesicles and ficolin-1-rich granules are formed in segmented neutrophils, after which the cell becomes a fully matured polymorphonuclear (PMN) cell (90) .
Targeting-by-timing model. Traditionally, neutrophil granules have been subdivided based on the presence or absence of myeloperoxidase. Peroxidase-positive granules were known as azurophilic granules, while peroxidase-negative ones were known as specific granules. In reality, neutrophil granules are heterogeneous, with an overlap of contents due to a process described by the targeting-by-timing model, whereby granule protein production occurs in a continuum during all stages of neutrophil development and proteins are simply packed into granules as they are produced (60, 171) . In this model, the timing of protein synthesis is dependent only upon cell maturity, such that azurophilic granule proteins are synthesized only at the promyelocyte developmental stage, specific and ficolin-1 granule proteins are synthesized at the myelocyte stage, and gelatinase granule proteins are synthesized at the metamyelocyte and band stages of neutrophil maturation, after which granule formation concludes and secretory vesicles form (88, 103, (171) (172) (173) . It is becoming clear, however, that additional factors, such as the acetylation of the transcription factor C/EBP-, are also important for granule production and neutrophil differentiation. Neutrophils from C/EBP--deficient mice lack both secondary and tertiary granules in an autosomal recessive immunodeficiency disorder known as neutrophil-specific granule deficiency (SGD). Neutrophils associated with SGD exhibit bilobed nuclei, an abnormal respiratory burst, impaired chemotaxis, and diminished bactericidal activity (48, 61, (174) (175) (176) . Hence, without C/EBP-, neutrophils cannot differentiate beyond the myelocyte stage of neutrophil maturation (175) . Notably, C/EBP-mRNA levels increase with maturation from myeloblasts, with peak levels being observed in myelocytes/ metamyelocytes, after which the cells stop proliferating and gene expression declines (177) . Conversely, the C/EBP-protein is detected only in myelocytes/metamyelocytes. Larsen and colleagues discovered that the microRNA miRNA-130a regulates C/EBPprotein expression in granulocytic precursors and that the overexpression of miRNA130a downregulates C/EBP-protein as well as lactoferrin, cathelicidin antimicrobial peptide, and lipocalin-2 gene expressions, giving rise to cells with an immature phenotype, as seen in Cebpe Ϫ/Ϫ murine models (177) . C/EBP-is also vital in regulating cell cycle protein expression by inducing the gene expression of p27kip1 and concomitantly inhibiting cyclin-dependent kinase 4 (CDK4), CDK6, cyclin A, and cyclin D (178), thus ensuring a robust and irreversible exit from cell proliferation by the metamyelocyte stage of neutrophil development (90) .
Neutrophil granule protein trafficking and sorting. Until recently, it was assumed that direct sorting of granule proteins did not occur and that trafficking was merely a function of the timing of protein production. New findings are challenging this dogma, however, including the discovery of the anionic proteoglycan serglycin, which is essential for the proper shuttling and packaging of the cationic azurophilic granule proteins myeloperoxidase (179), defensin, and elastase (180) (181) (182) . Additional support is offered by the complex co-and posttranslational processing of granule proteins, which facilitates their recognition by multisubunit adaptor protein complexes (APs), particularly AP1, AP3, and AP4, and the monomeric Golgi-localized ␥-adaptin ear homology ARF (GGA) binding protein. Together, these complexes are important for the organization and trafficking of granule proteins from the trans-Golgi network to their respective neutrophil granule compartments in a manner similar to that exhibited by lysosomal sorting in other cell types (60, 91) . Likewise, the synthesis of inactive granule enzymes, or zymogens, expedites their safe and accurate transfer within the neutrophil to their final destination, where the proteolytic cleavage of their prodomains triggers their activation (60) . Missorting of proteins between granules can also occur, leading to an alteration in the cell's function. This generally results from the premature activation and degradation of granule substances by catalytically active azurophilic proteases, making them biologically active (173) .
Degranulation and exocytosis of neutrophil granules. Exocytosis of neutrophil granules occurs in a hierarchical fashion and is inversely related to granule production (88, 173) . Consequently, minimal cellular stimulation or activation is sufficient to provoke the release of secretory vesicles, while increasing stimulus strength is associated with the release of ficolin-1-rich, gelatinase, specific, and, finally, azurophilic granules (88, 103, 173, 183, 184) . Azurophilic granules are unique among the neutrophil granules not only because they require a very powerful agonist to promote the degranulation of their contents but also because they primarily mobilize to phagosomes, although a small amount of their content is exocytosed extracellularly (185, 186) . Moreover, recently identified variations in soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complexes explain these differences: whereas all neutrophil granules contain syntaxin 4 and SNARE complexes, specific and gelatinase granules have SNARE complexes with high concentrations of VAMP1, VAMP2, and 23-kDa synaptosome-associated protein (SNAP-23), while azurophilic granules have increased levels of VAMP1 and VAMP7 (186, 187) . Additionally, gelatinase granules are also regulated by syntaxin 3, which controls the degranulation of cytokines, including IL-1␣, IL-1␤, IL-12b, and CCL4, during early inflammatory responses (188, 189) .
SNARE-interacting Sec1/Munc18 (SM) family members, particularly MUNC18-2 and MUNC18-3, also play essential roles in selective vesicular trafficking in neutrophils (189) . MUNC18-2 and MUNC18-3 are generally located near their respective SNARE-binding partners syntaxin 3 and syntaxin 4 (189). MUNC18-2 is preferentially associated with the regulation of azurophilic granular exocytosis, while MUNC18-3 regulates extracellular membrane fusion and the degranulation of specific and gelatinase granules (189) .
Finally, MUNC13-4 is a RAB27A effector and key coordinator of azurophilic granular exocytosis (190, 191) . As such, MUNC13-4 regulates phagosomal maturation, which is crucial for intracellular bacterial killing, and controls the intracellular and extracellular production of ROS through the induction of p22 phox . Although RAB27A is a master organizer of vesicular trafficking, RAB27A-deficient neutrophils retained normal phagosomal maturation, including the normal delivery of azurophilic and specific granule proteins to the phagosomal membrane, while the inhibition of MUNC13-4 led to impaired phagosomal maturation and defective shuttling of azurophilic granule components (190) . Notably, RAB27A deficiency causes Griscelli syndrome type 2 (192) , an immunodeficiency with partial albinism, whereas MUNC13-4 deficiency leads to familial hemophagocytic lymphohistiocytosis type 3 (FHL3) (190, 193) .
In summary, multiple mechanisms regulate neutrophil granular exocytosis. Specificity in exocytosis pathways provides important insights into neutrophil biology. Whereas specific, gelatinase, and ficolin-1-rich granules specialize in early inflammatory responses involving cell adhesion, diapedesis, and microorganism killing, azurophilic granules contain a wide array of damaging lytic enzymes and proteins with bactericidal activity that can be detrimental to surrounding tissue if secreted in an unregulated fashion (186) .
Special Considerations in Neonates
Neutrophils from term healthy newborns and adults contain equal concentrations of the azurophilic granule proteins MPO and ␣-defensin, while the level of BPI is decreased 3-fold in unstimulated term neonatal neutrophils compared to adult controls (147) . In term infants with early-onset sepsis (EOS), however, plasma levels of BPI can rise to concentrations similar to those in older children and adults with sepsis (194, 195) and/or pneumonia (196, 197) . Moreover, BPI mobilization exhibits an age-dependent maturational effect (196) . Differential bacterial susceptibility to these factors may explain why Escherichia coli is the leading cause of EOS in preterm infants, while group B Streptococcus remains the leading cause of EOS in term neonates (198) .
Lactoferrin concentrations in term neonatal neutrophils are half of adult concentrations, while even lower quantities are found in neutrophils from preterm infants (199) . Exposure to labor, however, appears to heighten lactoferrin gene expression in term, healthy newborns (160) . Likewise, OLFM-4 is upregulated 3-fold in term neonatal neutrophils, irrespective of labor exposure, compared to adults, although protein levels have not been measured (160) . Because OLFM-4 attenuates neutrophil bactericidal activities and host immunity against Gram-positive and Gram-negative bacteria (200, 201) , increased quantities in neonatal cells may also contribute to the heightened risk of bacterial sepsis in this vulnerable patient population (160) .
The neonatal NADPH oxidase system demonstrates differences in kinetic activity between neonates who are exposed and those who are not exposed to labor, with labor exposure enhancing its activity (202) (203) (204) . Healthy neonatal and adult neutrophils exhibit similar bactericidal activities against Staphylococcus aureus, E. coli, Serratia marcescens, Pseudomonas species, and group A and B streptococci, while neutrophils from stressed preterm and term infants demonstrated significantly decreased bactericidal activities against both Gram-positive and -negative bacteria (202, 205) . Neutrophils from neonates with perinatal distress also exhibited respiratory burst suppression (202, (206) (207) (208) . In preterm infants, the respiratory burst normalized to adult cellular function by 2 months of age, while ill infants receiving intensive care continued to demonstrate deficiencies by 2 months of age (202, 209) . Degranulation capabilities are similar between term neonatal and adult neutrophils, while those from preterm infants have considerable impairments in the release of BPI, elastase, and lactoferrin compared to either term neonatal or adult cells (196, 210) .
NEUTROPHIL DISTRIBUTION
Neutrophils reside in three different groups, or pools, known as the proliferative, circulating, and marginating pools, with numbers of neutrophils in each pool being influenced by the individual's state of health and the maturational development of the cell. Homeostasis between pools is closely regulated by conventional dendritic cells through the controlled production of G-CSF, CXCL1, CCL2, and CXCL10, which influ-ences their migration from the bone marrow to their recruitment site and local survival in peripheral organs, although the exact mechanisms are unclear (74) . Recently, the kidneys have also been implicated in neutrophil homeostasis through the production of the unique glycoprotein Tamm-Horsfall protein (THP) (211) . Deficiency of THP, commonly associated with advanced chronic kidney disease, increases renal concentrations of IL-17 and the secretion of IL-23 by the proximal tubular epithelium, resulting in enhanced granulopoiesis and systemic neutrophilia via the IL-23/IL-17 axis (211).
Proliferative Pool
The proliferative, or mitotic, pool is comprised of early neutrophil precursors, including myeloblasts, promyelocytes, and myelocytes, which are located in the bone marrow and maintain the ability to multiply to replenish neutrophil numbers (212, 213) . Based on extrapolation using data from rodent models, it has been estimated that the proliferative pool in human adults contains between 4 ϫ 10 9 and 5 ϫ 10 9 cells/kg of body weight (212, 214) . In contrast, term human newborns have a significantly smaller mitotic pool, estimated to be only 10% of adult values, with almost 75% of these cells residing in an active cell cycle, resulting in significant cell turnover (215) (216) (217) . Term newborns also have considerable reductions in their absolute neutrophil cell mass per gram of body weight, which is projected to be only one-quarter of that of adults, while preterm infants exhibit even lower numbers (ϳ20% of adult levels). Given their limited ability to recruit or produce substantial numbers of neutrophils during sepsis episodes, this vulnerable newborn patient population routinely develops neutropenia when confronted with a pathogenic challenge, thereby increasing sepsis-associated morbidity and mortality risks (35, 205, (215) (216) (217) (218) . In contrast, adults have high numbers of quiescent progenitors that can be rapidly recruited into the cell cycle during times of sepsis, triggering a surge in numbers of neutrophils available to combat the infection (35, 215, 217) . In addition, adults have an ample supply of mature and near-mature granulocytes in the marrow that can be mobilized in early inflammatory responses, with reserves that are about 20 times higher than those found in circulation (214) . Low numbers of neonatal neutrophils are observed for a relatively short period, however, with values rising over the first few weeks of life and reaching adult values by about 4 weeks of age (205, 215) .
Effects of the microbiome. The establishment of a healthy neonatal microbiome after birth is also vital for maintaining neutrophil homeostasis and proper cellular functioning. This is because host microorganisms induce the production of IL-17 by group 3 innate lymphoid cells in the intestine, thereby increasing G-CSF and, hence, neutrophil production in a TLR-4-and Myd88-dependent manner (219) . Interventions that hinder the natural development of the newborn's microbiota, such as exposure to intrapartum or postpartum antibiotics or cesarean section, may place the infant at an increased risk for adverse outcomes, including (i) necrotizing enterocolitis, a potentially lethal overgrowth of bacterial pathogens within the intestinal wall leading to bowel necrosis with possible perforation; (ii) late-onset sepsis; (iii) prolonged length of stay in the neonatal intensive care unit (NICU); and (iv) even death (220) (221) (222) . Moreover, the size of the bone marrow myeloid pool correlates strongly with the complexity of the intestinal microbiota in adult mice, with delayed microbial clearance in germfree mice after systemic challenge with apathogenic bacteria (223) .
TLR signaling by very low concentrations of microbial antigens and TLR ligands (or by concentrations below the threshold required for the induction of an adaptive immune response) is thought to set the bone marrow cell pool size during steady-state granulopoiesis (223) . The coevolution of mammals and their microbiota has led to the reliance on microbiota-derived signals to provide tonic stimulation to the systemic innate immune system to maintain vigilance against infection (223) . In murine models, this symbiotic relationship has likewise amplified the number of aged circulating neutrophils, which possess heightened levels of integrin ␣ M ␤ 2 (MAC-1). Hence, these aged neutrophils are more proficient at combating pathogens under acute inflammatory conditions through enhanced chemotaxis, transmigration, and production of neutrophil extracellular traps (NETs) (224) . Additionally, TLR detection of PAMPs from invading microorganisms stimulates emergency granulopoiesis and the proliferation and differentiation of neutrophils via early inflammatory mediators such as IL-1␤, TNF-␣, G-CSF, and GM-CSF, causing an acute and drastic rise in the number of circulating neutrophils available to combat the ensuing infection (71, 75, 79, 85, 86) .
Circulating and Marginating Pools
Neutrophils located outside the proliferative pool exist in equilibrium between the circulating and marginating pools (or postmitotic pool) and include more mature neutrophils or metamyelocytes, band forms, and segmented neutrophils (205, 212, 215) . The circulating pool represents free-flowing neutrophils in the blood, while the marginating pool comprises those cells not retrieved by routine blood sampling (212) . The marginating pool was first identified in the 1960s when healthy adult volunteers were transfused with ex vivo-radiolabeled autologous neutrophils. In these experiments, Ͼ50% of the neutrophils disappeared from circulation immediately after transfusion, but more than 60% were retrieved following adrenalin dosing, and close to 87% could be captured after the subjects exercised several hours after the transfusion (71, 212, (225) (226) (227) .
The primary source of marginating neutrophils has previously eluded investigators, but recent studies suggest that it may be the lungs and pulmonary vasculature. Not only do mature neutrophils differ between the pulmonary bed and the bone marrow (228) , but pulmonary vascular cells also express CXCL12, the ligand for CXCR4 (71) . When CXCR4 is inhibited by the drug plerixafor, marginating neutrophils from the pulmonary bed are recruited back into the circulation without concomitant mobilization from the bone marrow (71, 229) . However, other studies involving radiolabeled autologous neutrophils could not exclude the liver, spleen, and bone marrow as other potential sources of marginating cells due to the rapid accumulation of neutrophils in these organs following transfusion experiments (212, 230) .
Special Considerations in Neonates
Neonates who are born small for gestational age (SGA), or have a birth weight in the Ͻ10th percentile, have an increased incidence of neutropenia (absolute neutrophil count of Ͻ1,000 neutrophils/ml) compared to that in non-SGA infants (231) . This neutropenia generally persists for the first week of life and is associated with thrombocytopenia in more than 60% of neonates (231) . SGA neutropenia is caused by in utero growth restriction and is directly correlated with the number of circulating nucleated red blood cells (231) . Reduced concentrations of granulocyte-macrophage progenitors, diminished bone marrow neutrophil proliferative and storage pools, and the absence of evidence for excessive margination suggest that diminished neutrophil production is the primary mechanism underlying this phenomenon (231, 232) . Neutropenic SGA infants have an increased risk of being diagnosed with late-onset sepsis, or infection after 72 h of life, as well as a 4-fold increased risk of developing necrotizing enterocolitis (231) . Intriguingly, the highest frequency of neonatal neutropenia is observed in extremely-low-birth-weight (ELBW) infants, or those weighing Ͻ1,000 g at birth, for unknown reasons. Unlike older-gestational-age neonates, neutropenic ELBW infants do not experience an increased risk of neonatal sepsis and experience similar rates of mortality in the NICU (202, 233) .
After birth, numbers of neonatal neutrophils increase in the circulation to levels never again encountered in their lifetime while healthy (160) . In newborns with a GA of Ն28 weeks, this increase will occur in the first 6 to 12 h of life, with peak levels of around 25,000 to 28,000 cells/l. In neonates with a GA of Ͻ28 weeks, however, a more gradual but dramatic increase is experienced, with neutrophil counts of up to 40,000 cells/l being achieved at around 24 h of age (234) . Neutrophil levels will then gradually decline over the subsequent 72 h to reach normal adult levels, independent of gestational age (234) . Neutrophils involved in this surge are most likely accrued from the marginating pool in response to increases in levels of stress-associated hormones such as epinephrine, norepinephrine, and cortisol, but the source and exact mechanisms involved remain elusive.
Neonates also have an abundance of circulating immature granulocytes compared to those in adults (12% versus 5%, respectively), including promyelocytes, myelocytes, and metamyelocytes (160) . These early neutrophil precursors lack vital early proinflammatory proteins and receptors due to the absent or incomplete development of their gelatinase and/or secretory granules (160, (234) (235) (236) . Because of this, newborns may be more vulnerable to infection while balancing the essential need for protection against an acute inflammatory response as they become colonized with their microbiome postpartum. Further investigation is necessary to determine the significance of these findings. Detailed review articles concerning neonatal neutrophils are offered by Lawrence et al. (202) , Urlichs and Speer (205) , and Carr (215) .
CONCLUSION
Representing the most abundant leukocytes in humans, neutrophils are critical first responders to inflammatory or infectious challenges and are essential elements in the proper execution of innate and adaptive immune responses. Clinical disorders such as chronic granulomatous disease (CGD), severe congenital neutropenia (SCN), and leukocyte adhesive deficiency (LAD) emphasize the vital role of neutrophils in host defense against infectious disease. From the early stages of embryogenesis, when they first appear in the liver, thymus, and spleen during the definitive stage of hematopoiesis, to their continual production in large quantities from the bone marrow throughout postnatal life, the differentiation of a pluripotent HSC into a mature, segmented neutrophil is a highly orchestrated process in which the transcriptional regulator C/EBP-␣ serves a central function.
Neutrophil steady-state homeostasis, activation, and antimicrobial properties depend on complex processes that not only are regulated by growth factors, cytokines, and chemokines but also are closely controlled by the host's microbiota. Our evolving understanding of this host-microbiome symbiosis may provide innovative therapies to treat infectious disease while emphasizing the importance of antibiotic stewardship in the treatment of neonatal, pediatric, and adult infectious disease. Understanding these interactions can inspire novel preventative and therapeutic approaches for infectious disease and inflammatory disorders.
